Origin, Methods, and Evolution of the Three Nurses' Health Studies
We have summarized the evolution of the Nurses' Health Study (NHS), a prospective cohort study of 121 700 married registered nurses launched in 1976; NHS II, which began in 1989 and enrolled 116 430 nurses; and NHS3, which began in 2010 and has ongoing enrollment.
Over 40 years, these studies have generated long-term, multidimensional data, including lifestyle-and health-related information across the life course and an extensive repository of various biological specimens. We have described the questionnaire data collection, disease followup methods, biorepository resources, and data management and statistical procedures.
Through integrative analyses, these studies have sustained a high level of scientific productivity and substantially influenced public health recommendations. We have highlighted recent interdisciplinary research projects and discussed future directions for collaboration and innovation. Oral contraceptives were first marketed both in the United Kingdom and the United States in the early 1960s. By 1966, the Medical Research Council of Great Britain Statistical Research Unit, headed by Sir Richard Doll, was receiving reports of healthy young women who were suffering from thrombophlebitis and pulmonary emboli that were presumed to be associated with taking oral contraceptives. Frank Speizer and Martin Vessey, who were working in the unit, noted these reports and raised concerns that millions of healthy women were likely to be exposed to these drugs and that there were no plans to follow the potential long-term consequences of exogenous hormone use. To undertake proper investigations of this topic, it was clear that long-term follow-up of a large cohort of women would be required.
On the basis of the success of the British Doctors' Study of Smoking, 1 pilot studies were begun both in the United Kingdom and the United States, where doctors were asked to pass along to their spouses a mailed questionnaire. As it turned out, there were too few women married to British physicians in the appropriate age group who would have had an opportunity to use oral contraceptives to make such a study in the United Kingdom feasible.
With promising results from the US pilot studies, Speizer, who was at Harvard Medical School at the time, submitted a National Cancer Institute grant application that was eventually successful. However, by the time the funding was received in 1974, the follow-up questionnaire was revised to cover a 2-year period and needed to be repiloted. In the second pilot mailing, questionnaires were addressed to 3 groups on the basis of responses from the first pilot: "Doctor, give this to your wife," "Ms," and "Mrs." The worst response came from the "Ms" group. Women who were married and aged 30 to 55 years in 1974 did not like to be called "Ms." The most important information came from the "Mrs" group, in that a substantial portion of the women in this group reported that they had not seen the initial questionnaire. Their physician husbands had presumably filled out the form for them. We therefore redirected the effort to nurses, because we believed it was important to have a medically sophisticated group of study participants.
THE NURSES' HEALTH STUDY
In 1976, Speizer et al. mailed the baseline questionnaire to eligible married female registered nurses aged 30 to 55 years who resided in 1 of 11 US states with the largest number of registrants (New York, California, Pennsylvania, Ohio, Massachusetts, New Jersey, Michigan, Texas, Florida, Connecticut, and Maryland). A total of 121 700 nurses returned the questionnaire (71.2% of those invited), and the cohort reflected the racial composition of nurses at that time (97% White). Although the participants had a slightly higher socioeconomic status than did the general population and were mostly White, which may have initially affected generalizability, the population selection enhances internal validity because the health knowledge and commitment to research of the nurses contributes to high-quality and complete selfreported health data as well as high follow-up rates.
Women continue to be followed via biennial questionnaires, making the NHS the first cohort of its size with repeated data collection. The range of lifestyle and health outcome data collected has significantly expanded over time, beginning with the inclusion in 1980 of questions about physical activity and a semiquantitative food frequency questionnaire (FFQ), 2 which was piloted and completed by the cohort under the direction of Walter Willett. The expanded collection of data was facilitated by the use of optically scanned questionnaires starting in 1982. After conducting a detailed validation study, the FFQ was significantly expanded in 1984 and 1986. Since that time it has been repeated every 4 years. Additional behavioral and lifestyle risk factors have been repeatedly assessed over the years (the box on this page), an extensive biorepository has been established ( Figure 1 ; Tables 1 and 2) , and the array of chronic diseases and other outcomes has expanded steadily over time (Table 3) . 
THE NURSES' HEALTH STUDY II

THE NURSES' HEALTH STUDY 3
The Nurses' Health Study 3 (NHS3), currently recruiting, began in 2010 (led by Jorge Chavarro) and has enrolled more than 40 000 female nurses aged 19 to 49 years residing throughout the United States and Canada, with 14% selfidentifying as members of a racial or ethnic minority. Beginning in 2015, recruitment was extended to male nurses. NHS3 participants complete Web-based questionnaires every 6 months, collecting data on current exposures as well as exposures during adolescence, and in a substudy, participants report extensive information on exposures before, during, and immediately after pregnancy.
Active follow-up rates as of the writing of this article were 72% for the 6-month follow-up questionnaire, 82% for the 12-month follow-up questionnaire, between 90% and 94% for women who completed more than a year in the study, and 93% for women electing to answer pregnancy-specific questionnaires. Follow-up rates do not differ significantly by race/ ethnicity and other demographic characteristics. NHS3 has taken advantage of new technologies (Web-based questionnaires and mobile devices), and the subsequent personalization of study timelines (e.g., reporting pregnancies in "real time") has increased the focus on prospective data collection during key life course periods.
OPERATIONS
With continuous data collection since 1976, the NHSs have generated layers of resources, from behavioral data across the life course to various biological specimens. To accommodate the wealth of high-dimensional data and maximize cost efficiency, we have developed an effective infrastructure that supports questionnaire development and processing, cohort follow-up, an extensive biorepository, and data management and statistical analysis.
Questionnaires
Development. Our biennial questionnaires have produced a unique resource of lifestyle-and health-related data collected continuously over the past 40 Note. NHS = Nurses' Health Study. Blood includes plasma, white blood cell count, and red blood cell count.
years (see the box on p1574). The implementation of optically scanned questionnaires in 1982 allowed faster, more efficient, and reliable data entry, making room for growth in the scientific scope of the study with longer questionnaires and lower processing time and cost. In addition to questions regarding diet and lifestyle behaviors, we have regularly assessed anxiety, depression, optimism, and social networks on the Medical Outcomes Short Form-36 (SF-36), a validated 3 scale of functional health and well-being.
We have also developed measures of environmental exposures (e.g., air pollution and ultraviolet radiation) and neighborhood characteristics (e.g., socioeconomic status, walkability, access to green space) on the basis of residential histories. NHS II participants additionally reported body size at aged 5, 10, and 20 years in 1989 and physical activity at aged 12 to 17 years in 1997; a subset of 41% of the women completed a supplemental FFQ asking about high school diet in 1998. In 2001/2002, 39 904 mothers of NHS and NHS II (90% NHS II) participants provided detailed information about their prepregnancy, pregnancy, and early life experiences with our cohort members. 4 These unique data give us the opportunity to study relations of disease risk to a comprehensive set of social, lifestyle, and environmental exposures at multiple important time points across the life course.
Diet and physical activity questionnaires. Beginning in 1980 the NHS questionnaires included a validated FFQ every 2 to 4 years. 5 This FFQ was expanded from 61 to 116 items in 1984 and 131 items in 1991. The FFQ was further modified in NHS3 to include more detailed questions about cooking methods and is administered during key windows of exposure (e.g., pregnancy). A team of research dietitians works to maintain a complete and accurate database of the nutrient content of foods included on the FFQ: updating the nutrient components of foods that change over time (i.e., trans fat) and researching the nutrient content of new or reformulated products. Our data on the fatty acid composition of foods are unique because we have directly analyzed representative samples of foods every 4 years to account for changes in manufacturing. These data are used in combination with national consumption patterns that are analyzed each year that the FFQ is administered. As described in an accompanying article, the validity of these dietary questionnaires has been assessed extensively. 5 Similarly, the cohort questionnaires include repeated measures of physical activity using a modified Paffenbarger questionnaire. Participants report the average time per week over the last year spent doing a list of specific activities (e.g., jogging), selected to represent the most important contributors to total activity. The physical activity questionnaire was initially validated among 231 NHS II women who completed both 1-week activity recalls and 7-day activity diaries as comparison methods. 6 For total physical activity, the correlation with the recalls was 0.79 and with the records diaries it was 0.62. We are currently conducting additional validation studies that include participants in the 3 cohorts to further evaluate the validity of these methods. 5 
Follow-Up
Response rate. Our research of various mailing strategies determined that certified mail was the most effective approach for reaching study participants who did not respond to an initial mailing; therefore, participants who do not respond to 3 regular mailings were resent the questionnaire via certified mail. 7 Because of increasing costs, certified mail has been replaced with hand-addressed mailings for the majority of participants over the past 7 years, with a response rate of approximately 30% for the first hand-addressed mailing and approximately 15% for the second and final mailing after 6 to 7 regular mailings without a response. With all mailings, the overall response rate for participants as of 2012 is 86.2%. This high retention rate stems from many factors, including but not limited to the selection of motivated health professionals, frequent contact with participants, repeated mailings followed by hand-addressed letters to nonresponders, the use of a shorter questionnaire in the final mailings to nonresponders, and an annual participant newsletter.
Documentation of disease and deaths. Participants report newly diagnosed diseases biennially on their follow-up questionnaires. For any new report of disease (Table 3 presents a list of selected outcomes), we ask permission to review medical records and collect pathology specimens. Once permission is obtained, our software generates repeated mailings to hospitals to obtain medical records. In virtually every instance in which we have signed permission, we have obtained documentation of cancer diagnoses. Physicians blinded to questionnaire exposure data review all medical records to confirm self-reported diseases. Participants additionally report diseases that are not confirmed but have been shown to be validly selfreported among these health professionals, such as hypertension, 8 high cholesterol, 8 and weight. 9 Furthermore, we systematically search the National Death Index and state tumor registries. Searching the National Death Index is a highly effective method for monitoring deaths, 10 and it now provides all listed causes of death, reducing the need to obtain death certificates.
Biorepository
Blood, urine, cheek cells, toenails, stool, and saliva. NHS and NHS II have a rich resource of biospecimens, including blood, urine, toenails, buccal cells, stool, and saliva (Figure 1 ; Tables 1 and 2) , and the collection of repeated samples substantially increases statistical power for analyses of age and latency effects. The different biospecimens provide an extensive range of research opportunities; for example, we have examined plasma and urinary sex hormones, dietary biomarkers, inflammatory markers, heavy metals in toenails, melatonin in urine, and time-integrated fatty Continued acid status in red blood cells. Additionally, the white blood cells provide a source of DNA for genome-wide association studies, sequencing, copy number variation, telomere length, and epigenetic analyses. We test the assay performance in our mailed samples (fit-forpurpose) before use in participant samples: first, we assess split sample reproducibility using the interassay coefficient of variation. Second, because blood and urine were mailed to our central laboratory and processed the day after collection, we compare biomarker values in samples processed immediately versus 24 or 48 hours after collection 11, 12 using samples collected specifically for this purpose. Finally, we examine within-person stability over 1 to 3 years to confirm whether analytes measured in a single sample can be used to represent long-term status and thus are useful to study disease incidence prospectively.
Tissue. NHS has one of the largest tumor tissue repositories nested within a prospective epidemiological study ( [14] [15] [16] [17] [18] [19] [20] [21] [22] Furthermore, by providing a link between an etiologic factor and a specific tumor molecular subtype, these studies may eventually provide important support for individualized treatment approaches.
Mammographic density. NHS has been at the forefront of research in mammographic density, 1 of the strongest risk factors for breast cancer. [23] [24] [25] We collected mammograms from NHS participants with breast cancer and controls who provided a blood sample in 1989/90, allowing us to use biomarker data in analyses of mammographic density. We obtained prediagnositic mammograms from 1446 participants with breast cancer and 2406 controls. 26 We digitize all film mammograms and are collecting prediagnostic mammograms for women who provided a second blood sample in the 2000 collection. This will provide Note. NC = not collected; NHS = Nurses' Health Study. The table shows approximate estimates. The number of cases used in a specific study depends on the disease definition used, start of follow-up used, and the number of exclusions (e.g., missing the exposure). Outcome assessment start time and methods are not always consistent across endpoints and between cohorts.
a unique resource allowing us to assess changes in mammographic density (approximately 10 years apart) and its correlation with changes in circulating biomarkers and breast cancer risk. Furthermore, we are using novel imaging technology to characterize a variety of mammogram texture features (i.e., radiomics). Importantly, our measurement of mammographic density is highly reproducible, with a withinperson intraclass correlation coefficient of 0.93. 27 
Data Management and Statistical Analysis
The Statistics Group and the Channing computer facility are key infrastructure resources for the management of our database as it grows with the continuous receipt of biennial questionnaires, new -omics data, and new additions to the nutrient composition database. The Statistics Group collaborates on complex statistical questions, develops statistical software, maintains and updates our growing databases (e.g., integrating new genome-wide association studies or -omics results), and leads regular seminars and training sessions, including teaching newer methods for integrative analyses of -omics data sets.
We have developed more than 30 custom-designed SAS macros for analyzing NHS data (http://www.hsph.harvard.edu/ donna-spiegelman/software). These include basic macros, for example, reading in the data from multiple questionnaires, as well as more sophisticated tools, for example, using the risk set regression calibration method to correct for bias stemming from measurement error in baseline or time-varying exposures 28 and direct statistical testing of heterogeneity of risk factor associations across disease subtypes using competing risks analysis (prospective studies) or polytomous logistic regression (nested casecontrol studies).
Most analyses are conducted by individual trainees supervised by study investigators, a key to our scientific productivity. Indeed, the NHS is a major resource for training the next generation in epidemiology, genetics, and nutrition, with more than 108 doctoral students and 100 postdoctoral fellows from Harvard and many other institutions thus far. We provide a user manual for the computer system, extensive documentation of statistical analyses, and sample computer programs. The macros help to ensure that analyses are done consistently and correctly across investigators with the most up-to-date statistical methods. Finally, to ensure high quality, all articles undergo rigorous review: project proposals and initial results are vetted at our biweekly meetings, and articles are reviewed for programming, technical accuracy, and scientific accuracy before they are approved for submission.
In addition to research data (biennial, supplemental, and substudy questionnaires; field study data; medical and death records; specimen data; -omics data; geocoding; genetics), there are extensive organizational data, including participant-and study-tracking information, the Biorepository's Laboratory Information Management System, documentation of study protocols, and internal and external Web sites. A team of 35 data management experts, programmers, application developers, and information technology specialists oversee daily operations. They develop and maintain a suite of homegrown software applications, Oracle databases, Java applications, the Laboratory Information Management System, survey development apps, and Web sites. Currently, the cohort data are maintained on a private cluster consisting of 200 UNIX and Linux servers, a 400-terabyte multitiered Avere-Isilon storage system, and an EMC NetWorker backup system. The system is backed up daily, with offline and offsite permanent storage.
More than 90% of the funding for this large NHS infrastructure comes from federal grants.
FUTURE DIRECTIONS
To maximize the value of the NHSs' resources and broaden the scope of research, we have facilitated data sharing and collaborations with external investigators, expanded the cohort to minorities and male nurses, and integrated new methodologies that provide innovative research dimensions.
External Collaborations
All questionnaires, details about biospecimen collections, and guidelines for outside users are available on our public Web site (http://www.channing.harvard. edu/nhs). More than 220 external collaborations with researchers across the globe have begun over the past 10 years. Typically, an outside researcher prepares a brief proposal, and the NHS investigator group reviews the proposal to verify that there is no overlap with ongoing work and to identify a local investigator to assist with the project. This process is identical for local investigators.
Once a request is approved, we provide an introduction to our data and a secure password to access our de-identified data files. In addition, the NHS has contributed to more than 40 consortiums and pooling projects, including genome-wide association studies and other genetic studies (e.g., the Ovarian Cancer Association Consortium), plasma-based pooling studies (e.g., the Vitamin D Pooling Project of Rarer Cancers), and consortiums involving pooled questionnaire data (e.g., the Collaborative Group on Epidemiologic Studies of Female Cancers and the Pooling Project of Diet and Cancer).
Recruiting Minorities and Male Nurses
The demographics of nursing have changed greatly since 1976, when NHS started, with increasing proportions of minorities and men. One of the key recruitment priorities for NHS3 is to increase minority participation. We conducted a target mailing of invitational postcards in 2012 to minority-dense zip codes and targeted licensed practical nurses and licensed vocational nurses. This doubled the enrollment rate of African American and Hispanic women from the rate of invitations originating from nursing organizations or colleagues already participating in the study.
Ongoing relationships with nursing organizations, such as the National Black Nurses Association, have also been key tools to reach potential participants of color. In 2015 we began recruiting men as primary study participants, and male partners of female NHS3 participants are included in some of the pregnancy substudies. Of note, the NHS cohorts are complemented by the parallel, ongoing Health Professionals Follow-up Study cohort of 50 529 male health professionals, which began in 1986.
Innovations
Linkage with Medicare data.
With collaborators at the Dartmouth Institute for Health Policy and Clinical Practice, we are currently using the vast Centers for Medicare and Medicaid Services' resources to obtain information regarding NHS participants' health and health care utilization. First, claims data will help identify cancer and other diagnoses, especially among women who have been lost to follow-up. We will also obtain Medicare prescription data (Part 4) for research in disease etiology and survival. These data will form the basis for a new line of research into health care costs and utilization.
Cancer survival. With repeated exposure information both preand postdiagnosis, NHS is uniquely positioned to evaluate when a variable is important to survival during the disease process and offer key findings with actionable clinical implications. For example, postdiagnostic moderate physical activity (equivalent to walking 3 hours/week) was associated with 50% lower breast cancer mortality, 29 postdiagnostic aspirin was associated with 50% lower mortality from breast cancer, 30 and among colorectal cancer patients with COX-2 positive tumors, postdiagnostic aspirin was associated with 61% lower mortality from colorectal cancer. 31 Future studies will evaluate novel tissue markers, such as our recent finding that the androgen receptor is an independent predictor of breast cancer survival. 17 The continued administration of the SF-36 and several mental health scales will permit substantial research on functional health and well-being after cancer, with the unique ability to control for prediagnostic functioning.
Metabolomics. NHS has applied metabolomics to the biology of various diseases, potentially uncovering novel pathways in etiology and new targets for intervention. In our pilot studies of the Massachusetts Institute of Technology and Harvard Broad Institute metabolomics platforms, 32 the majority of metabolites performed well (coefficient of variation < 20% for 92% of metabolites). Intraclass correlation coefficients comparing samples processed immediately versus after 24 hours were ‡ 0.75 for approximately 75% of metabolites, indicating our collection and processing methods will not interfere with findings for the majority of available metabolites. In samples collected from participants 2 years apart, reasonable long-term reproducibility (intraclass correlation coefficient ‡ 0.4) was observed for 90% of metabolites. Thus, most measured metabolites are excellent candidates for epidemiological studies. Recently, we found that elevated levels of branched-chain amino acids were associated with a more than doubled increased risk of pancreatic cancer, with stronger associations for participants diagnosed within 5 years of blood draw, suggesting that this may be an early marker of pancreatic cancer. 33 
SUMMARY
The NHS has sustained remarkable scientific productivity in the past 40 years, reflected in more than 1200 publications that have substantially influenced prevention recommendations by such organizations as the American Cancer Society, the American Heart Association, and the World Health Organization. Robust findings from the NHS contributed to the evidence base for developing US Dietary Guidelines to reduce intakes of trans fat, saturated fat, sugarsweetened beverages, red and processed meats, and refined carbohydrates while promoting the higher intake of healthy types of fats (e.g., unsaturated fats from vegetable oils, nuts and seeds, and seafood) and carbohydrates (e.g., whole grains, fruits, and vegetables). 5 NHS studies on the benefits of physical activity contributed to the evidence base for the Physical Activity Guidelines for Americans. 34 NHS studies of survivorship after cancer diagnosis also contributed to the Nutrition and Physical Activity Guidelines for Cancer Survivors. 34 A fundamental reason for the impact of the NHSs is that they have been embedded in an academic environment with great strengths in many disciplines, particularly epidemiology, medicine, and biostatistics, and have been able to incorporate the energy and creativity of students, fellows, and faculty from across the whole of our biomedical community. Other major lessons learned include the value of identifying a loyal and interested cohort base and maintaining good contact with the participants, the value of repeated assessments over time, the commitment to training that provides interesting and innovative opportunities for young people to keep the research fresh, and the value of avoiding complacency and being alert to new opportunities and new methodologies to use the resources for maximum scientific and public health gain.
The combination of repeated measures of traditional risk factors along with diet, physical activity, lifestyle, and biochemical and genetic data in the NHS cohorts, as well as state-of-the-art mobile highresolution measures, provides a resource for powerful etiologic and translational research. This type of big data within the context of a wellcharacterized cohort study is expected to uncover disease mechanisms and provide critical insight for public health prevention programs and personalized medicine. 
